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TO THE EDITOR
Palmoplantar keratoderma (PPK) com-
prises a heterogeneous group of here-
ditary disorders characterized by
epidermal thickening of palms and
soles. According to the clinical appear-
ance, four subtypes of PPKs were classi-
fied, i.e., diffuse, focal, punctuate, and
striate PPK. Diffuse PPK can be further
subdivided into epidermolytic and non-
epidermolytic forms. One of the non-
epidermolytic PPKs is referred to as
PPK Bothnia type (PPKB, MIM600231),
which was initially described in two
Swedish families and was reported to
be prevalent in the north of Sweden,
along the Gulf of Bothnia (Lind et al.,
1994). The clinical characteristics of
PPKB include diffuse, homogeneous,
and even palmoplantar hyperkeratosis
with swollen stratum corneum, which
distinctively exhibits a whitish spongy
appearance upon exposure to water.
The inheritance pattern of PPKB is con-
sistent with the autosomal-dominant
mode, and the genetic locus has been
linked to a 14-cM interval on 12q11–
12q13 (Lind et al., 1994). We described
a Chinese family with PPKB, in which
we identified a gain-of-function muta-
tion in the aquaporin 5 gene, AQP5.
A large three-generation family of
Chinese Han ethnicity with PPKB was
ascertained, including 10 affected indi-
viduals (Figure 1a). The proband was a
28-year-old man presenting with slowly
progressive thickening of palms and
soles since the age of 3 years. Mild
palmoplantar hyperhidrosis was noted
especially in winter. He suffered with
recurrent tinea pedis and onychomyco-
sis caused by dermatophytes infection.
When examined, he was found to have
heterogeneous, even, yellowish hyper-
keratotic plaques on palms and soles,
and erythrokeratotic plaques with a
clear demarcation on the dorsum of
hands and feet (Figure 1b and c).
He also had skin maceration and
tinea unguium involving several nails.
After exposure to water for less than
1 minute, the stratum corneum swelled
and developed a whitish spongy appear-
ance (Figure 1d). Histopathological
findings of skin sample from the dorsum
of hand were nonspecific with ortho-
hyperkeratosis and mild inflammatory
infiltration of lymphocytes in the upper
dermis. All affected family members had
nearly identical features.
Peripheral blood samples were
collected from all family members
except the deceased, after written
informed consent in adherence to the
Declaration of Helsinki Principles and
approval by the institution review board
were obtained. We performed exome
sequencing in three individuals (III-8,
III-9, and III-14), including two affected
individuals and one normal individual.
Exomes were captured and enriched
using SeqCap EZ Human Exome Library
v3.0 (Roche NimbleGen, Madison, WI)
and were then sequenced on a Hiseq
2000 platform (Illumina, San Diego, CA)
according to the manufacturer’s instruc-
tions. Sequence variants were filtered
against public database (dbSNP137,
1000 Genomes Project, HapMap8) and
BGI in-house exome database. Under
the assumption of autosomal-dominant
pattern of inheritance with full pene-
trance, heterozygous variants present in
both the affected individuals but not in
the normal subject were selected as
possible candidates. Only two variants
involving AQP5 and SLC4A8 located
in previous linkage region of 12q11–
12q13 were detected (Supplementary
Table S1 online). Sanger sequencing con-
firmed these two variants in the two
affected individuals, but only the hetero-
zygous missense mutation in AQP5
(c.367A4T, p.Asn123Tyr; Figure 1e)
fully cosegregated with the PPKB phe-
notype in all the 23 family members.
This mutation was not detected in 300
ethnically matched unrelated subjects by
direct sequencing. The residue Asn123 is
evolutionarily conserved among most
species (Figure 1f). Interestingly, in a very
recently published abstract, Blaydon
et al. (2013) revealed mutations in
AQP5 leading to autosomal-dominant
diffuse non-epidermolytic PPK.
Aquaporins (AQP) are channel pro-
teins mostly responsible for rapid osmo-
tic water movement across the plasma
membrane in many cell types. AQP5 is
expressed in eccrine sweat glands and is
believed to be essential for secretion
(Nejsum et al., 2002; Ma et al., 2007)
despite controversy (Song et al., 2002).
In humans, hypohidrosis in Sjo¨gren’s
syndrome was associated with decrea-
sed expression of AQP5 (Iizuka et al.,
2012). Accordingly, we hypothesized
that mutation p.Asn123Tyr in AQP5
might lead to increased expression of
AQP5 in eccrine sweat glands and/or
exert a gain-of-function effect, thus cau-
sing hyperhidrosis in the affectedAccepted article preview online 18 July 2013; published online 22 August 2013
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individuals. We first compared the
expression pattern of AQP5 in the
eccrine sweat glands between the
proband and an age-matched control.
Immunohistochemical staining was
performed on the paraffin-embedded
sections from the dorsum of the
proband’s and the control’s hands with
a mAb against AQP5 (ab92320, Abcam,
Cambridge, MA). No discrimination
was observed in the expression or
distribution pattern of AQP5 in eccrine
sweat glands between the proband and
the control (Figure 1g). Consistently,
Blaydon’s study demonstrated that the
expression of AQP5 in the stratum
granulosum was not affected by muta-
tions in AQP5 (Blaydon et al., 2013).
We subsequently performed the func-
tional studies on wild-type AQP5
(wtAQP5) and mutant AQP5Asn123Tyr.
The complementary DNA clone of the
whole coding region of human AQP5
was obtained from Origene (Rockville,
MD) and subcloned into the pIRES2-
EGFP vector (Clontech, Mountain View,
CA). AQP5Asn123Tyr mutant was gene-
rated by using site-directed muta-
genesis (Fast Mutagenesis System, Trans-
gen Biotech, Beijing, China). HEK293
cells were transiently transfected with
plasmids using lipofectamine 2000
(Invitrogen, Carlsbad, CA). First, we
investigated hypotonic solution (HTS)–
induced cell swelling in HEK293 cells
expressing wtAQP5 or AQP5Asn123Tyr
(determining by green fluorescence).
HTS elicited a quicker and larger
increase in cell volume in cells expres-
sing AQP5Asn123Tyr (1.6-fold) com-
pared with those expressing wtAQP5
channels (1.4-fold) (Figure 2a and b,
cell volumes were calculated based on
the area of the cells), suggesting that
AQP5Asn123Tyr is leaky and/or more
sensitive to hypotonicity.
Transient receptor potential vanilloid
4 (TRPV4) is a calcium-permeable
cation channel expressed in a variety
of tissues, including the epidermis and
sweat glands (Delany et al., 2001; Guler
et al., 2002). It physically interacts with
AQP5 to form a functional complex
acting as an osmosensor that couples
osmotic stress to downstream signaling
cascades (Liu et al., 2006). Taking
advantage of the fact that the activation
of TRPV4 by HTS depends on AQP5, we
designed a two-step protocol to test the
functional changes of the AQP5/TRPV4
complex to HTS via the patch-clamp
technique, as described previously (Liu
et al., 2006; Lei et al., 2013). HTS was
first delivered to induce hypotonic
activation of TRPV4, and then the
same cell was challenged by 300 nM
GSK1016790A to induce full agonist
activation (Thorneloe et al., 2008;
Figure 2c, d and e). The basal activity
of TRPV4 was strongly strengthened
when co-expressd with wtAQP5.
Interestingly, the cells coexpressing
AQP5Asn123Tyr showed a further
increased basal activity of TRPV4 com-
pared with those coexpressing wtAQP5
(Figure 2f). Moreover, the HTS-induced
current is much more robust (Figure 2g)
and rapid (Figure 2h) in cells expressing
AQP5Asn123Tyr/TRPV4 than those
expressing wtAQP5/TRPV4 or TRPV4
alone. Taken together, these results sug-
gested a gain-of-function property of the
AQP5Asn123Tyr/TRPV4 complex.
Recently, aquagenic wrinkling of
palms, characterized by transient forma-
tion of edematous whitish plaques on
the palms upon exposure to water and
hyperhidrosis, was associated with aber-
rant and broadened staining of AQP5 in
sweat glands (Kabashima et al., 2008).
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Figure 1. Clinical features of the proband, the identified AQP5 mutation, and immunohistochemical
findings of Aquaporin 5 (AQP5). (a) Pedigree of the family with palmoplantar keratoderma Bothnia type.
The arrow indicates the proband. (b,c) Palmoplantar hyperkeratosis of the proband. The keratoderma was
diffuse, even, yellowish with a clear demarcation. (d) The whitish, spongy appearance of the stratum
corneum after exposure to water for less than 1 minute (right hand). (e) The heterozygous mutation
c.367A4T identified in AQP5 in the proband. (f) Schematic structure of AQP5 protein and multiple
alignment of the loop C region among several species. The mutant site located in the loop C is highlighted
with the asterisk. (g) Immunohistochemical staining of AQP5 on a paraffin-embedded section taken from
the dorsum of the proband’s hand. Positive staining was noted in most secretory cells of eccrine sweat
glands, especially at the apical and basolateral membrane. Bar¼ 50mm.
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Although the expression of AQP5 in our
patient was indistinguishable from the
control, the AQP5Asn123Tyr mutant
channel is leaky and/or more sensitive
to HTS, which may lead to prominent
cell swelling under hypotonicity and
finally to the aquagenic whitish spongy
appearance. Activation of TRPV4 results
in increased cytosolic calcium concen-
tration, which is essential for sweat
secretion (Prompt and Quinton, 1978).
In addition, overactivation of TRPV
channels leads to overload of cyto-
plasmic calcium, which may result in
elevated apoptosis of keratinocytes and
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Figure 2. Functional studies on wtAQP5 and AQP5Asn123Tyr channels. (a) Images of HEK293 cells expressing wtAQP5 or AQP5Asn123Tyr channels (indicated
by arrows) in isotonic or hypotonic solution. Note the enlargement of cell volume in hypotonic solution (HTS). (b) Comparison of HTS-induced cell volume
changes between HEK293 cells expressing wtAQP5 and those expressing AQP5Asn123Tyr. (c–e) Representative whole-cell current traces evoked by HTS and
300 nM GSK1016790A (GSK101) from HEK293 cells expressing TRPV4 channels alone (c) or with wtAQP5 (d) or with AQP5Asn123Tyr (e) measured at þ 80 and
80 mV (up); I–V curves obtained from voltage ramps evoked by corresponding stimuli (down). (f) Summary of the amplitude ratio between basal currents and
GSK1016790A-induced currents. (g) Summary of amplitude ratio between HTS- and GSK1016790A-induced currents. (h) Time required for half-maximal TRPV4
activation in HEK293 cells coexpressing wtAQP5 and those coexpressing AQP5Asn123Tyr. n¼ 8–20 for cell volume experiments and n¼ 4–6 for whole-cell
current measurements. All data are the means±SEM for n independent observations, and statistical analyses were performed using Student’s t-test. *Po0.05;
**Po0.01; ***Po0.001.
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subsequent hyperkeratosis, as demon-
strated in the Olmsted syndrome
caused by TRPV3 mutations (Lin et al.,
2012). As TRPV4 and AQP5 were both
expressed in eccrine sweat glands
and keratinocytes (Delany et al., 2001;
Guler et al., 2002; Nejsum et al.,
2002; Blaydon et al., 2013), it is
reasonable to speculate that palmoplan-
tar hyperhidrosis and hyperkeratosis
in PPKB were, at least partly, due
to the gain-of-function effect of the
AQP5Asn123Tyr/TRPV4 complex. Our
studies linked a keratotic and hyper-
hidrotic disorder with the mutation of a
water channel, and indicated PPKB as a
previously unreported kind of skin
channelopathy.
Note: As we were preparing this
manuscript, Dr David Kelsell reported
several mutations of AQP5 in patients
with PPKB at the 2013 International
Investigative Dermatology Meeting in
Edinburgh, UK.
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TO THE EDITOR
Familial cutaneous malignant melanoma
(CMM) accounts for B10% of all CMM
cases (Hayward, 2003; Hansson, 2008).
The most common known high-pene-
trance susceptibility gene for familial
CMM development is CDKN2A, a
tumor suppressor gene on chromosome
9p21 that encodes two distinct proteins:
p16INK4A and p14ARF by alternative
splicing of two separate first exons, 1a
and 1b, respectively (Hansson, 2008).
In several countries, specific founder
mutations account for most of the germline
CDKN2A alterations. For instance,
p.R112_L113insR in Sweden and c.225-
243del19 in the Netherlands account for
B90% of familial mutations. Italy, Spain,
and France share their most common
mutation (p.G101W), while p.M53I,
c.IVS2-105A4G, p.R24P and p.L32P are
the most frequent mutations in Australia
and the UK (Goldstein et al., 2006).
BRAF and NRAS are the most
frequently somatically altered oncogenesAccepted article preview online 14 June 2013; published online 18 July 2013
Abbreviation: CMM, cutaneous malignant melanoma
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